We present a phenomenological model of periodic ferroelectric-superconductor (FE-S) heterostructures containing two alternating ferroelectric and superconducting layers. The interaction at the FE-S contacts is described as a coupling of the local carrier density of the superconductor with the spontaneous ferroelectric polarization near the FE-S interface. We obtain a stable symmetric domain-type phase, exhibiting a contact-induced polarization and a ferroelectric domain structure at temperatures above the bulk ferroelectric transition temperature. With increasing coupling energy, we find the ferroelectric phase coexisting with the suppressed superconductivity in the S-film. The system is analyzed for different thicknesses of the FE-and S-films, demonstrating the dramatic change in the topology of the phase diagrams with a variation of the layers thickness. The results are expected to shed light on processes occurring in high-temperature superconducting films grown on perovskite alloy-substrates exhibiting ferroelectric properties at lower temperatures.
Introduction
Epitaxial combination of superconducting films and ferroelectric layers is promising for the construction of effective microwave devices. Especially advantageous is the application of small-loss high-temperature cuprate superconductors (YBCO) [1, 2] and perovskite ferroelectric alloys like Ba x Sr 1−x TiO 3 (BST) and Pb(Zr x Ti 1−x )O 3 (PZT), in heterogeneous multilayers. As both of these compounds have a similar perovskite-type crystal structure with small lattice mismatch, the well oriented BST and PZT thin layers can be grown on the surfaces of YBCO [3] [4] [5] [6] . In addition, the role of strains and off-stoichiometry structural defects at the BST(PZT)/YBCO-interfaces can be minimized by the use of growing methods such as laser ablation for fabrication of the multilayered structures [3] .
Since the 1960s, the strong interest in developing electric field-effect devices based on ferroelectrics has been stimulated by observations of shifts of superconducting transition u Fax: +49-821/598-3119, E-mail: natalie@ph.tum.de temperature under a switch of the spontaneous polarization. Superconducting field-effect transistors (SUFETs) cannot be realized with conventional superconductors since the large coherence lengths and high carrier density of the latter result in a negligibly small effect of the polarization field [7, 8] . In contrast, the carrier density and coherence lengths of high-T c cuprates (HTS) which are two orders of magnitude lower than those in conventional superconductors [9] , have made their use in SUFETs very attractive [10] .
For example, it was demonstrated in refs. [11] [12] [13] , that the critical temperature of YBCO films could be shifted by about 6 K through the polarization in the BaTiO 3 substrate. As was assumed in [12, [14] [15] [16] , the increase of T S c is connected with the formation of the accumulation layers (with charge carrier density enhanced due to the polarization directed toward the interface), whereas the polarization in the opposite direction induces a depletion layer with higher resistance and lower T S c . Besides critical temperature, ferroelectric polarization affects transport properties of SUFETs leading to a change in resistance of 9%-25% for PZT-YBCO and PZT-NdBa 2 Cu 3 O 7−δ (NBCO) heterostructures [17, 18] . It also shows polarization-induced memory effects in resistance and current, which hints at possible storage applications [19] .
For the case when the polarization is parallel to the FE-S interface, the use of the zero-P boundary conditions (P = 0 at the electrode) results in a weak effect of the FE-layers, which scarcely affects the behavior of the S-films. On the other hand, the influence of the FE-layer should be essentially strong when the FE-polarization vector P is perpendicular to the FE-S interface. Due to the specific perovskite-like structure, the properties of the high-T c materials are believed to be very close to the perovskite-type ferroelectrics. This fact stimulated discussions about a coexistence of ferroelectricity and superconductivity and a possible ferroelectricity of HTScompounds [20] [21] [22] . As a consequence, for the ferroelectric polarization it has been suggested that it is nonzero at the interface with the HTS-layer, with even the possibility of penetration inside the superconductor [23] .
Recent studies of ferroelectric-HTS layered structures were focused on investigations of the role of free P-boundary conditions (non-zero P) in the dielectric properties of FElayers [1, 2, 23]. However, little attention has been paid to the behavior of superconducting films as well as to In this work, we develop a phenomenological model based on the Ginzburg-Landau theory, for the FE-layers sandwiched between superconducting films. As compared to the microscopic approach proposed in [24] , where the S-layer was described as two S-planes with a possibility of a charge transfer between the planes and the interior of the layer, the proposed model allows one to directly study the behavior of the system for different thicknesses of the S-layer in the vicinity of the ferroelectric transition temperature in the FEfilm. This is assumed to be close to the transition temperature of the superconductor. We note that for HTS-compounds the condition ξ S (T) ξ 0 S for the Ginzburg-Landau theory is valid over a much wider temperature range than in conventional superconductors [25] . We focus primarily on the case when the penetration depth of the polarization-induced electric field is larger than the superconducting coherence length (l TF /ξ 0 S 1), which is also typically realized in HTS layers. This paper is organized as follows. In Sect. 2, we introduce the Ginzburg-Landau energy functional for the FE-S heterostructure. We derive the Ginzburg-Landau equations and elucidate the nature of the boundary conditions. In Sect. 3, we analyze in detail the results for the case when the bulk ferroelectric transition temperature lies below the temperature of the superconducting transition. We discuss possible phases which can be stabilized in the system depending on the values of the temperature and the coupling energy. Corresponding phase diagrams are analyzed in Sect. 4 for different thicknesses of the FE-and S-layers. We also discuss the thicknesses-dependencies of the ferroelectric transition temperature, which is followed by concluding remarks.
2
The model
We consider a system containing a periodically alternating ferroelectric (FE) layer sandwiched between superconducting (S) films (shown in Fig. 1 ) infinitely extended in the x and y directions. We assume here that the polarization P = (0, 0, P(z)) is directed perpendicular to the FE-S interface, which can also be achieved in experiments by the preliminary application of an external electric field in this direction. The thicknesses of the FE-and S-layers are given by L 1 and L 2 respectively, and thus the total width of the supercell is:
Generally, the whole sandwich structure can be described by the following Ginzburg-Landau functional
( 1) The ferroelectric part of the free energy (1) is given by
where
) is the inverse of the ferroelectric susceptibility and T F c denotes the bulk Curie temperature. For simplicity, we do not include the sixth-order term into the Pexpansion (2), restricting our analysis to second-order phase transformations. Note that since the polarization depends on z only, the last term in (2) simplifies to ∇ P = dP(z) dz . For the superconducting S-film without magnetic field the free energy can be written as
c denoting the bulk superconducting transition temperature, and m, e, and |ψ(z)| 2 are the mass, charge and the local density of the Cooper pairs respectively. Similarly to (2) we assume in (3) that ψ(r) depends on z only, i.e., ψ = ψ(z). Note also that without a magnetic field the phase ϕ = const, and the vector potential A = hc 2e dϕ dz = 0 (see the Appendix). The Ginzburg-Landau equations in this static case contain only the terms with |ψ(z)| and for simplicity we use the notations |ψ| = ψ below.
The interface part of the free energy (1) describes the interaction between the spontaneous polarization and the superconducting charge near the interface. In order to derive F int , we consider first the interaction of P with an electric field E = (0, 0, E(z)) associated with the polarization distribution [26]
where D = E + 4π P = εE is the electric displacement. The field E can be determined from the Maxwell equation inside the FE-layer div D = div(E + 4π P) = 0. The integration in the vicinity of the contacts gives us, near z = 0
and near z = L 1
